A modified polyethylene glycol precipitation method for concentration of virus followed by a new method to recover nucleic acid was used to detect hepatitis A virus (HAV) and rotavirus (SAll) in shellfish (oysters and hard-shell clams) by hybridization tests. Infectious virus, seeded into relatively large quantities of shellfish, was recovered consistently, with greater than 90% efficiency as measured by either in situ hybridization (HAV) or plaque assay (rotavirus SA1l). Viral nucleic acid for dot blot hybridization assays was extracted and purified from virus-containing polyethylene glycol concentrates. Separation of shellfish polysaccharides from nucleic acid was necessary before viral RNA could be detected by dot blot hybridization. Removal of shellfish polysaccharides was accomplished by using the cationic detergent cetyltrimethylammonium bromide (CTAB). Use of CTAB reduced background interference with hybridization signals, which resulted in increased hybridization test sensitivity. After polysaccharide removal, dot blot hybridization assays could detect approximately 106 physical particles (corresponding to approximately 103 infectious particles) of HAV and 104 PFU of SAll rotavirus present in 20-g samples of oyster and clam meats. These studies show continuing promise for the development of uniform methods to directly detect human viral pathogens in different types of shellfish. However, practical applications of such methods to detect noncultivatable human viral pathogens of public health interest will require additional improvements in test sensitivity.
Food-and waterborne gastroenteritis is an important public health problem in both developed and developing countries (25, 27, 28) . Seafood, particularly oysters and clams, plays an important role in transmission of enteric pathogens, such as human hepatitis A virus (HAV) and Norwalk virus, because these shellfish are frequently eaten raw (1, 7, 11, 12, 21, 34) . Human strains of rotavirus occur in shellfish waters (30) , but to date, no known epidemiologic evidence of human infection via a shellfish transmission route has been documented. A recent example of the extent of the public health hazard is represented by the large-scale outbreak of human hepatitis A in Shanghai, China, in 1987 (about 300,000 patients were involved). This outbreak was initially spread by virus-contaminated clams and then by person-to-person transmission (33) .
Today, protection from food-and water-transmitted viral pathogens still depends on bacterial indicators of sanitary quality (3, 10, 13, 18) . Development of rapid methods possessing the requisite sensitivity and specificity for virus monitoring is necessary for protection of the shellfish-consuming public. This is particularly important for detection of the human viruses HAV and Norwalk virus, which are the noncultivatable pathogens most frequently associated with clinically significant shellfish-transmitted disease. Until recently, however, direct tests of shellfish for detection of HAV, rotavirus, or Norwalk virus were not considered economically, technically, or practically feasible for routine monitoring purposes. Our laboratory has been interested in developing methods for detection of these human enteric viruses in many types of environmental samples, such as fresh and saline surface waters and solids suspended in water columns (22) (23) (24) 29) . We have previously reported that dot blot hybridization can be useful for the rapid detection of HAV in water samples (15, 17) .
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This paper reports continuing efforts to develop and improve methods to directly detect poorly cultivatable or noncultivatable human viral pathogens in shellfish. The development of a modified polyethylene glycol (PEG) precipitation method for concentration of HAV and rotavirus SAil from oyster and clam meats and recovery of viral nucleic acid for detection of these viruses by hybridization tests are described. Finally, the effectiveness of dot blot hybridization for rapid detection of these viruses is evaluated.
MATERIALS AND METHODS
Viruses and cells. The HM-175 strain of HAV used in this study had been adapted to rapid growth in an cell line (originally obtained from Betty H. Robertson, Centers for Disease Control, Atlanta, Ga.). HAV in cell lysates was purified by chloroform extraction and PEG 6000 precipitation, followed by equilibrium centrifugation in CsCl gradients. HAV infectivity was assayed by in situ hybridization in FRhK-4 cells, and total physical particle counts were made by direct electron microscopy, as previously described (16) .
Rotavirus strains were cultivated in fetal monkey kidney cells (MA104) in the presence of trypsin, and virus infectivity in MA104 cells was determined by plaque assay (8, 30 14 ,000 x g. The supernatant was adjusted to pH 7.4 and treated with penicillin (150 ,ug/ml), gentamicin (5 ,ug/ml), and kanamycin (100 ,g/ml). Recovery of infectious HAV from shellfish was monitored by in situ hybridization (16 The content of polysaccharides in the RNA pellets was determined according to the Anthrone method (32) . Standard concentrations of polysaccharide (from 30 to 120 ,ug of glucose in 3 ml of distilled water) and distilled water, as a control, were mixed rapidly with 6 ml of Anthrone reagent (200 mg of Anthrone [Sigma] dissolved in 100 ml of 95% H2SO4), boiled for 3 min in a water bath, and cooled to room temperature, and A620 was determined in a DU-65 spectrophotometer (Beckman).
Preparation and hybridization with ssRNA probes. Two HAV single-stranded RNA (ssRNA) probes (a complementary cRNA probe, 1307B28, and a viral vRNA probe, 1307B27) were prepared from cDNAs subcloned into the transcription vector pGEM-1 (Promega) as previously described (15) . Plasmid cDNAs were linearized by EcoRI digestion and used as templates for in vitro transcription reactions.
SAl gene 3 cDNA in pGEM3Z(-)f (20) was linearized with EcoRV, resulting in a template of about 1.55 kb. SAl gene 6 cDNA (9) subcloned into the SmaI site of the transcription vector SP65 was linearized with HindIII to obtain a template of about 1.36 kb.
Transcripts of each of these four ssRNA probes were prepared as previously described (15) . Briefly, 100 p.l of reaction mixture containing 5 to 10 p.g of template DNA, 4 mM NaCl, 40 mM Tris-HCl (pH 7.5), 6 mM MgCl2, 2 mM spermidine, 10 mM dithiothreitol, 1 mM (each) ATP, CTP, and UTP, 100 U of RNasin, SP6 polymerase (5 to 10 U/,ug of DNA; Promega), and 12 puM [32P]GTP (10 mCi/ml and 410 Ci/mmol; Amersham Corp.) were incubated for 1 to 2 h at 37°C. After incubation, the template DNA was removed by a 15-min digestion with RNase-free DNase I (1 to 2 U/p.g of DNA; Promega) at 37°C in the presence of 100 U of RNasin. The transcript probes were purified from unincorporated triphosphates by passage through Sephadex G-50 minicolumns, and the incorporation of radioactivity was determined by analyzing 5 p.l of the purified transcription reaction products in a scintillation spectrometer.
Nucleic acid extracted from shellfish was assayed by dot blot hybridization by first being treated with DNase 1 (5 to 10 U/ml) for 15 min at 37°C. Samples containing HAV RNA were heated for 5 min at 65°C. Samples containing SAl RNA and human rotavirus RNAs were boiled for 5 min and quenched on ice. Denatured nucleic acid samples (100 p.l) as well as positive (HAV or SAl RNA) and negative (pGEM vector DNA and uninfected MA104 cell nucleic acid) controls were spotted onto dry nylon membranes (Zetabind; CUNO, Inc., Meriden, Conn.) pretreated with 20x SSC (1x SSC is 0.15 M NaCl and 0.015 M sodium citrate). After the samples were applied, the membranes were air dried and then baked for 2 h at 80°C in vacuo.
Hybridization of membranes containing the immobilized nucleic acids was performed at high stringency, as described previously (15) . First, the membranes were prehybridized for 2 h at 50°C in a solution containing 4x SSC, 2.67x Denhardt solution, 0.1% SDS, 1.83 mM EDTA, 83 pLg of tRNA, and 50% formamide per ml. Hybridization reactions were carried out in the same solution at 50°C but with the addition of 32P-labeled ssRNA probes (2 x 106 to 4 x 106 cpm/ml). After hybridization, the filters were washed three times in 2x SSC-0.2% SDS and three times in 2x SSC without SDS at 50°C. For rotaviruses, prehybridization was carried out for 2 h at 67°C in the presence of 1.5 x SSPE buffer (1x SSPE buffer is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA plus 0.1% SDS and 0.5% Carnation nonfat milk [final pH 7.4]). Hybridization was performed in fresh 1.5 x SSPE buffer containing 32P-labeled ssRNA probes (2 x 106 to 4 x 106 cpm/ml). After hybridization for 24 to 36 h at 670C, the filters were washed once in 2x SSC-0.1% SDS, once in 0.5x SSC-0.1% SDS, once in 0.1x SSC-0.1% SDS at room temperature, twice in 0.1x SSC-0.1% SDS, and once in 0.1x SSC-1% SDS at 50°C. Kodak XAR film, with two intensifying screens, was exposed to air-dried filters at -700C.
RESULTS
Recovery of HAV and SAl1 rotavirus from oysters and clams. We previously developed a method which used PEG precipitation to obtain a high level of recovery (>95%) of HAV and SAil rotavirus from oysters (19) . In the present studies, we tested the efficiency of this method to recover HAV and SAil from larger quantities (20 g) of oysters and also from clam tissues seeded with HAV and SAil by injection. Figure 1 outlines the method used to concentrate viruses from shellfish tissue. Virus recovery was quantitated by either plaque assay for SAil or in situ hybridization for HAV. Tables 1 and 2 show the recovery of HAV and SAil seeded in oyster and clam samples, respectively. Between 87 and 95% of seeded HAV and SAil was recovered from oysters by using differing input dosages of virus. Recovery of HAV and SAl seeded in clam samples required a modification of the method used for oyster samples. Clam tissues are more acidic than oyster tissues, and constant readjustment of pH during the concentration procedure was tially contaminating polysaccharides (Table 3) . Phenol-chloroform treatment was not effective in removing polysaccharides from final samples; an extraction procedure using guanidinium isothiocyanate (4) was found to concentrate polysaccharides. Effective removal of polysaccharides from oyster samples was achieved with CTAB precipitation. Figure 3 outlines the method developed for extracting viral nucleic acid from both oyster and clam concentrates. Recovery of viral RNA with this method was demonstrated to be as high as 90% when 32P-labeled RNA was monitored through the extraction procedure. Both the high hybridization background level and membrane clogging were reduced when samples extracted from shellfish tissue (up to 20 g) were treated with CTAB and loaded into a single well (Fig. 4) . The limit of detection of HAV RNA extracted from clams was found to be similar to that for oyster samples, although the hybridization signals were stronger for samples obtained from oysters. The minimum levels of virus detection appeared to change with the input dosage. Thus, in oysters, 105 HAV physical particles were detectable in oysters injected with 107 physical particles, while 106 physical particles were detectable in oysters injected with 106 physical particles. A conservative estimate was that a minimum of 106 HAV physical particles (highlighted by the thin arrows in Fig. 4 ) present in 20 g of shellfish meat could be reproducibly detected from either source of shellfish.
Rotavirus detection by dot blot hybridization with cloned SAll gene 3 and gene 6 ssRNA probes. Two rotavirus probes (SAl gene 6 and a part of SAl gene 3) were used to detect rotavirus in shellfish by dot blot hybridization. These ssRNA probes detected SAl RNA immobilized on membranes after direct spotting of partially purified, heat-denatured double-stranded RNA (Fig. 5) . We also determined optimal conditions for these SAl1 probes to detect human rotavirus strains (data not shown). After comparison of different hybridization conditions, we found that both SAl1 gene 3 and gene 6 ssRNA probes could detect most human rotavirus strains at high stringencies (67°C in the absence of formamide and at 50°C in the presence of 50% formamide) with better sensitivity at 67°C without formamide. Under these conditions, the two probes did not react with up to 5 ,ug of sonicated heterologous nucleic acid from uninfected MA104 cells, DNase I-treated pGEM DNA (Fig. 5) , or HAV (data not shown). The sensitivity of the assay was evaluated by determining the limits of detection of viral RNA extracted from partially purified rotaviruses. SAl1 double-stranded (Fig. 6) . DISCUSSION The present study is part of ongoing research seeking to determine more effective ways of detecting the presence of difficult-to-cultivate or noncultivatable virus pathogens in shellfish and shellfish waters. The existence of a wide variety of these viruses in water, sediment, and shellfish samples has been shown previously (11) . In the absence of a viruscultivable capability, direct detection of viral nucleic acid by hybridization methods or other amplification methods offers the best hope of success. Prior to the present study, a need to detect quantities of noncultivatable viruses of as few as 10 or fewer particles had been anticipated. Results of the present study show that in addition to realization of a technical capability of detecting very few virus particles per se, recovery methods also may have to cope with substances inhibiting detection capabilities.
In addition to the advantages of a rapid, sensitive, and specific detection potential represented by hybridization methods, estimated costs fall within a range of 1/10 to 1/20 of the costs for cell culture-based detection methods. Given the availability of reagents and the needed test components, hybridization tests can be carried out by trained technicians with a minimum of difficulty.
The effectiveness of hybridization tests for detection of virus pathogens in shellfish was shown to be influenced by both the method used for recovery of virus and the method used for recovery of viral nucleic acid. The PEG method for separating and concentrating HAV and rotavirus SAl from oysters (19) required constant readjustment of pH to stipulated values in order to achieve maximum effectiveness of virus recovery from clams. This was due to the more acidic quality of clam tissues than oyster tissues. We believe this precaution may help to resolve the need for separate methods previously reported to be necessary for oysters and clams (31) . Other previously unrecognized technical problems resulting in ineffective recovery of virus from 100-g quantities of shellfish were identified. For example, avoiding virus aggregation is a key point in preventing loss of virus during elution. Repetitive sonication and shaking along with the use of larger volumes of eluent and repeated elution of PEG pellets are important. Consistently high levels of recovery of polioviruses (data not shown), HAV, and SAl from both oyster and clam samples can be achieved, and the final samples are rarely toxic to cultured cells.
The successful application of dot blot hybridization to detect viruses in shellfish is based on the use of the cationic detergent CTAB for nucleic acid precipitation. One useful property of CTAB is that it can selectively precipitate nucleic acids while leaving proteins and polysaccharides in solution (5, 6, 14) . The detergent is subsequently easily removed by suspending the precipitate in 1 M NaCl and then performing chloroform extraction and ethanol precipitation (2) . Our results showed that the majority of the polysaccharides in shellfish tissues are removed, and the final test samples obtained with this method can therefore be easily loaded onto dot blot membranes, resulting in low levels of nonspecific hybridization background. Furthermore, because the CTAB technique removes most contaminating material and greatly reduces the sample volumes, subsequent steps can be performed in one tube, which simplifies the procedure and decreases the opportunity of RNase contamination. Finally, the small volume of CTAB needed for precipitation also allows larger samples of shellfish to be processed for increased test sensitivity.
The use of dot blot hybridization to detect HAV and rotaviruses is a fairly simple and rapid method which does not require complicated equipment. However, because the number of viruses in many environmental samples is very low, improvement of test sensitivity will be necessary for routine, rapid, and sensitive detection of virus in shellfish. It is estimated that test sensitivity will have to be increased to a point at which detection of as few as 10 to 100 virus particles can be made before the full utility of hybridization- 
